To reveal the general cytogeographical pattern of Cyanus section Protocyanus in Europe, DNA ploidy and/or chromosome numbers were newly examined for 160 populations by flow cytometry (450 plants) and/or chromosome counting (30 plants). Furthermore, previously published karyological data were revised (236 records). 
INTRODUCTION
Cyanus Mill. [sometimes treated as Centaurea L. section Cyanus (Mill.) DC.] is confined to the Old World and includes 25-50 species depending on taxonomic classification (Dostál, 1969; Hellwig, 2004) . The number of species continues to increase as new species have recently been described (Bancheva & Stoyanov, 2009; Kaya & Bancheva, 2009 ). The genus has been divided into Cyanus section Cyanus containing five annual species and Cyanus section Protocyanus (Dobrocz.) Olšavská comb. nov. (see Discussion) composed of 45 perennial species (Table 1) . The sections are not only distinguished by pollen morphology (annuals have the 'Cyanus' pollen type, perennials have the 'Montana' pollen type), but also differ in important life-history traits (Wagenitz, 1955) . In annuals the variability in base chromosome number (x = 8, 9, 11, 12; Wagenitz & Hellwig, 1996; Bancheva, 1998; Gömürgen & Adigüzel, 2001; Romaschenko et al., 2004; Ghaffari & Kelich, 2006) reflects their tendency towards increased selfing, rapid gain of reproductive isolation and fixation of karyotypic changes. Perennials have a presumably outcrossing breeding system (Gonnet, 1993; Olšavská & Löser, 2013) and often reproduce vegetatively by stolons or Table 1 . The taxonomic conception of the genus Cyanus adopted in this paper, including the distribution areas of included species, published chromosome numbers (for details see Table S2 ) and new chromosome counts (for details see Table 2) List of species included in the genus Cyanus Mill. and their taxonomic position Distribution area
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C. dominii (Dostál) creeping rhizomes. They have one of the two base chromosome numbers, x = 10 or 11, and both diploids (2n = 20, 22) and tetraploids (2n = 40, 44) are known (Table 1) . A phylogenetic study based on nuclear ribosomal DNA (Boršić et al., 2011) suggested a monophyletic origin of both sections. In C. section Protocyanus, phylogenetic relationships remain elusive due to extensive reticulate evolution or still-incomplete evolutionary differentiation (Boršić et al., 2011; C. J. Löser, unpubl. data) . Perennials of C. section Protocyanus are distributed in north-western Africa, Europe (except northern parts) and western Asia. The highest diversity of perennial taxa is found in the Balkan Peninsula (Bancheva & Raimondo, 2003; Boršić et al., 2011) where 18 species occur (Table 1) . Cyanus section Protocyanus includes narrow endemics and widely distributed taxa occupying a broad range of environmental conditions. They grow in various types of grasslands and forests, and rocky and eroded slopes, including extremely dry biotopes and also wet places close to water sources, from sea level to the sub-alpine belt.
European representatives of C. section Protocyanus form three aggregates of closely related taxa (Table 1) Table 1 ). These relationships have been inferred mainly from shared morphological characters Borhidi (1957) assigned to the C. triumfetti group. ‡According to Cherepanov (1963) assigned to Centaurea section Protocyanus subsection Montanae (Hayek) Stef. & T.Georgiev. §According to Bancheva & Raimondo (2003) , Bancheva & Stoyanov (2009) and Kaya & Bancheva (2009) of roots and involucra. All available taxonomic concepts of the three aggregates are controversial with regard to the variable number of species and the taxonomic position of included taxa (see Supporting  Information Table S1 ). Therefore, we prefer to use an informal classification for the groups: the C. triumfetti group, the C. montanus group and the C. napulifer group. The taxonomic position of several European species and their relationships to the three groups remain unclear (Table 1) . Chromosome numbers have been published for a number of European taxa (Table 1, Table S2 ), but knowledge of the karyology of Asian and African perennial representatives of Cyanus is still poor; only four chromosome counts have been reported outside Europe (Fedorov, 1969) . Until 2006 all published karyological data for perennials of Cyanus were based on chromosome counting. In recent years, the more efficient approaches of flow cytometry (cf. Olšavská et al., 2011 Olšavská et al., , 2012 and Feulgen DNA image densitometry (cf. Bancheva & Greilhuber, 2006 ) have led to a large increase in knowledge of cytogenetics in these plants.
Recent molecular investigations of Cyanus have provided conflicting information because phylogenetic trees obtained from different molecular markers are incongruent (Boršić et al., 2011; C. J. Löser, unpubl. data) . Information on chromosome numbers and ploidy might help to elucidate taxonomic affiliations and aspects of their evolution such as crossing barriers or historical and contemporary gene flow (Levin, 2002; Stuessy, 2009; Sánchez-Jiménez et al., 2012) . The importance of karyology in the systematics of various genera of Centaureinae has been verified by establishing connections among karyological, morphological and molecular data (Wagenitz & Hellwig, 1996; Hellwig, 2004; Romaschenko et al., 2004) . However, until now no such attempt in Cyanus has been carried out with the exception of a study examining the relationships between reproductive behaviour (allogamy or autogamy) and the occurrence of dysploidy in this genus (Hellwig, 2004) .
In the present study we examined the geographical distribution of cytotypes in European representatives of C. section Protocyanus. Our aims were to: (1) complete karyological records for the section; (2) reveal general cytogeographical patterns in Europe; (3) evaluate correlations between the distribution of particular cytotypes and current ecological conditions; and (4) evaluate karyology of the section in a biogeographical and phylogenetic context.
MATERIAL AND METHODS

PLANT MATERIAL
During 2006-2011 plants were collected throughout western, southern, central and eastern Europe (Table 1 ) and transferred to experimental sites at the Jena Botanical Garden, Germany, or the Institute of Botany of the Slovak Academy of Sciences in Banská Bystrica or Bratislava, Slovakia, for cultivation. Voucher herbarium specimens were deposited in herbaria JE or SAV.
CHROMOSOME COUNTS
Chromosomes were counted in mitotic root tip meristem cells of cultivated plants as described by , with modifications as follows. Root tips were macerated for 10 min in a 1:1 mixture of concentrated hydrochloric acid and ethanol at 24°C or in a 1 M HCl solution at 60°C. We made either temporary slides prepared by compressing with a glass cover and staining in lacto-propein orcein or permanent slides prepared by compressing with a cellophane square and staining in a 10% solution of Giemsa stock dye in Sörensen phosphate buffer (45 min).
FLOW CYTOMETRIC ANALYSIS
Ploidy was estimated using propidium iodide (PI) flow cytometry and a Becton Dickinson FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA) equipped with an argon-ion laser exciting at 488 nm in the Laboratory of Flow Cytometry, Institute of Biology and Ecology, P. J. Šafárik University in Košice, Slovakia, or 4′,6-diamidino-2-phenylindole (DAPI) flow cytometry with a Partec Cyflow ML instrument (Partec GmbH, Munster, Germany) equipped with an HBO-100 mercury arc lamp in the Laboratory of Flow Cytometry, Institute of Botany, Slovak Academy of Sciences in Bratislava, Slovakia. Samples were prepared from young leaves of the cultivated plants (1-3 plants per population in one sample) and an internal standard in a two-step procedure (Doležel, Greilhuber & Suda, 2007) . The detailed preparation of samples is given in Olšavská et al. , 2011 . Solanum lycopersicum L. 'Stupnické polní rané' (2C = 1.96 pg; Doležel, Sgorbati & Lucretti, 1992) or Bellis perennis L. (2C = 3.38 pg; Schönswetter et al., 2007b) were used as internal standards in flow cytometric analyses. Fluorescence of at least 5000 particles was recorded, and only histograms with symmetrical peaks and a coefficient of variance (CV) of the standard and sample G1 peaks < 3% for DAPI and < 6.5% for PI were considered. Estimation of the level of ploidy of samples was based on the ratio of the mean positions of the G1 peak of the tested plant and the G1 peak of the standard in the flow histogram. The relationship between chromosome number and ploidy was verified using chromosome counts presented in this paper or CYTOGEOGRAPHY OF CYANUS PERENNIALS 233 published previously (Olšavská et al., , 2011 . The Tukey-Kramer test was used to test differences in DNA content (2C values) between particular cytotypes and the Mann-Whitney U-test was used to check differences in DNA content (Cx values) between diploids and tetraploids.
MAP PREPARATION
Distribution maps of cytotypes/ploidy in Europe are based on field GPS positioning (160 localities; Table 2 ) and on coordinates of published data (198 localities; Table S2 ). For references lacking geographical coordinates but having an exact description of collecting sites, coordinates were retrieved from Google Earth 6.1 (Google Inc.). Records which were doubtful due to miscounting or misclassification were not included (Table S2 ). Distribution maps were prepared using Quantum GIS 1.7.3 (Open Source Geospatial Foundation).
GEOGRAPHICAL AND ENVIRONMENTAL DATA
A matrix of 358 localities was prepared to test for associations of cytotypes with environmental conditions at their localities. The matrix included all samples used for map preparation. The following data are tabulated for each locality: altitude, environmental conditions [19 bioclimatic variables (BioClim) obtained from http://www.worldclim.org (Hijmans et al., 2005) : annual mean temperature, mean diurnal range, isothermality, temperature seasonality, maximum temperature of warmest month, minimum temperature of coldest month, temperature annual range, mean temperature of wettest quarter, mean temperature of driest quarter, mean temperature of warmest quarter, mean temperature of coldest quarter, annual precipitation, precipitation of wettest month, precipitation of driest month, precipitation seasonality, precipitation of wettest quarter, precipitation of driest quarter, precipitation of warmest quarter, precipitation of coldest quarter] and type of bedrock (1, calcareous; 2, alkaline; basic; 3, intermediate or mixed; 4, acidic -coded as binary characters). The type of bedrock was recorded during the field research or completed from available geological maps for published localities (Gabaldón, 1994; Dadlez, Marek & Pokorski, 2000; Compagnoni & Galluzo, 2004; Swisstopo, 2005) . One variable from each pair of highly correlated variables (altogether six characters from a total of 24 characters; Pearson/Spearman correlation coefficient > 0.95) was excluded. Thus, principal component analysis (PCA) of 17 environmental variables and one geographical variable was used to provide insights into the overall distribution pattern of particular cytotypes, to reveal their ecological preferences and to form hypotheses about cytotype distribution/migration in the past. CANOCO 4.5 for Windows package (ter Braak & Šmilauer, 2002) was used for PCA.
RESULTS
CHROMOSOME NUMBERS AND PLOIDY
Chromosome numbers and/or ploidy are newly reported for 160 populations in Europe using chromosome counting (30 plants; Fig. 1 ) and/or flow cytometry (450 plants; Fig. 2 (Fig. 1H ) and C. velenovskyi (Adamović) Wagenitz & Greuter (Fig. 1F) . As the delimitation of some taxa of the C. triumfetti group in southern and eastern Europe is still under study, we prefer not to refer to particular taxa for some chromosome counts ( Fig. S1 ; Table 1,  Table S2 ). Chromosome counts of 2n = 20 are the first reports for C. epirotus (Halácsy) Holub (Fig. 1G ) and C. nissanus (Petrović) Soják (Fig. 1I) . Previous chromosome records assigned to C. nissanus from the Pirin Mts, Rila Mts, Rodope Mts and Slavjanka Mts (Bulgaria, Greece; Kuzmanov & Georgieva, 1987; Sharkova, 1996; Sharkova & Peev, 1997; Bancheva, 1999) belong to C. orbelicus or C. tuberosus, which are currently reported from these areas (Bancheva & Greilhuber, 2006; Petrova & Vladimirov, 2010) (Table S2) . Moreover, based on our field observations, plants fitting the circumscription of C. nissanus (Petrovič, 1885) (Zángheri, 1976; Pignatti, 1982; Gamal-Eldin & Wagenitz, 1991) ; their correct name is C. graminifolius (Lam.) Olšavská (Fig. 1A, B) . The cytotype 2n = ∼40 found for C. fuscomarginatus (K.Koch) Greuter is the first documented report for the taxon. The cytotype 2n = 20 was found for C. pindicola (Griseb.) Soják from the type locality ['copiose (Fig. 1D) ; the same cytotype was reported by Baltisberger (2012) from the Vourinous Mts. Besides, we recorded 2n = 40 for the remaining investigated Greek accessions of C. pindicola (Fig. 1C) , which agrees with the observation by Baltisberger (1991) . For the first time triploids were found in C. section Protocyanus, namely in both investigated populations of C. nissanus from the Svrljiska Planina Mts (2n = 3x = 30, eastern Serbia; Figs 1J, 2) and for all studied plants of C. thirkei (2n∼3x∼30) from a population above the village of Sadovo (Bulgaria). Triploidy (2n∼3x∼30) was also confirmed for a newly discovered hybrid, C. epirotus × C. graminifolius, in the Mitsikeli Mts and Timfi Mts (Greece) (Fig. 2) . The presence of one to four B-chromosomes was observed for C. epirotus, C. graminifolius, C. triumfetti s.l. and C. tuberosus (Table 2 ; Fig. 1A, L) . (Fig. 3) . The differences in 2C-values between any pair of cytotypes were significant (Tukey-Kramer test, P < 0.001). Differences in Cx-values between diploids and corresponding tetraploids were significant in the case of plants with 2n = 20 and 2n = 40 (Mann-Whitney U-test; P < 0.001), whereas differences between plants with 2n = 22 and 2n = 44 were not significant (MannWhitney U-test, P = 0.062). The CV values of G1 peaks of Cyanus samples were 1.71 ± 0.36 and 5.49 ± 0.75% for DAPI and PI staining, respectively. The mean CV values of the G1 peaks of internal standards were 1.79 ± 0.44% for Bellis perennis with DAPI staining and 1.78 ± 0.36 and 5.91 ± 0.73% for Solanum lycopersicum with DAPI and PI staining, respectively.
GEOGRAPHICAL DISTRIBUTION OF CYTOTYPES
Cytotype variation is geographically structured with overlaps among the distribution areas of particular cytotypes (Fig. 4, Fig. S1 ). The cytotype 2n = 22 has the widest distribution covering a substantial part of Europe between 40°and 51°N (dominated by populations of the C. triumfetti group). Plants with 2n = 44 are concentrated mainly in the Alps (C. montanus) 
ECOLOGICAL DIFFERENTIATION OF CYTOTYPES
The distribution of populations in the PCA diagram (Fig. 5 ) along the first axis was strongly influenced by altitude. BioClim variables are correlated mainly with the second axis: variables indicating humid climate are positively correlated and variables reflecting higher temperatures are negatively correlated. No or only a slight correlation between cytotype distribution and type of biotope or type of bedrock was observed.
Analyses of the ecological differentiation of cytotypes from C. section Protocyanus show that ecologi- 
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cal boundaries among them are not strictly defined; however, some general preferences are visible (Fig. 5) . Diploids (2n = 20, 22) are more ecologically diversified than corresponding tetraploids (2n = 40, 44). Tetraploid cytotypes occupy similar ecological conditions to diploid cytotypes with the same base chromosome number. Taxa with x = 10 prevail in areas combining high altitude with lower precipitation and higher temperatures during warm and dry and cold periods of the year. The two exceptions in the 2n = 20 cytotype are C. epirotus, which occurrs in more humid conditions, and C. thirkei, which occupies the extreme position at the left side of the diagram due to low altitude (Fig. 5) . Populations of C. graminifolius from southern France and Calabria and C. fuscomarginatus from Crimea (both 2n = 40) are concentrated in a group close to the first axis (higher altitudes with intermediate climate conditions), whereas populations of C. graminifolius from Greece have much broader ecological amplitude. The 2n = 22 cytotype represented mainly by taxa from the C. triumfetti group is the most ecologically diversified and geographically widespread. Populations from low elevations (up to 600-700 m a. s. l.) with higher temperature and precipitation seasonality and a higher temperature during the driest quarter of the year belong predominantly to the 2n = 22 cytotype [the C. triumfetti group, C. diospolitanus and C. pseudaxillaris (Stef. & T.Georgiev) Holub]. Cyanus pichleri from Bulgaria is the only taxon with 2n = 44 that is confined to similar conditions. A shift in ecological niches between C. mollis and C. montanus (both 2n = 44) is visible, because C. montanus is represented mainly by alpine populations occurring in areas with the coldest and the most humid climate.
DISCUSSION
Here we report new chromosome number and ploidy data for perennial Cyanus species in Europe and summarize previous records. This is the first time that a geographically complete assembly of cytotypes has been presented for this taxonomically intricate group. Neither biosystematic studies nor those using DNA sequence analyses (Boršić et al., 2011; C. J. Löser, unpubl. data) have sufficiently elucidated the evolutionary relationships among cytotypes of C. section Protocyanus. The representation of cytotypes on a map is a first step towards this understanding and could serve as a baseline for further research in this section. Detailed cytogeographical studies focusing on higher taxonomic units such as at the genus or section level are still rare (Watanabe, 1986; Bigazzi & Selvi, 2001; Cook & Semple, 2008; Pellicer et al., 2012) in comparison with numerous studies focusing on particular polyploid complexes (e.g. Schönswetter et al., 2007a; Suda et al., 2007; Mráz et al., 2008 Mráz et al., , 2012 Perný et al., 2008; Kolář et al., 2009; Duchoslav, Šafářová & Krahulec, 2010; Li et al., 2010; Trávníček, Eliášová & Suda, 2010; Koutecký et al., 2011; Trávníček et al., 2012) . (Table 2) or published previously; symbols without black margins are based on published records of other authors (see Table S2 ). Distributions of particular cytotypes are presented separately in Figure S1 . 
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PLOIDY AND CHROMOSOME NUMBERS Subtribe Centaureinae contain three frequent ploidies: diploid, tetraploid and hexaploid (Romaschenko et al., 2004; Šiljak-Yakovlev et al., 2005) . Minority ploidies (triploid, pentaploid) have been documented in the tribe only rarely (Centaurea L. s.s. Cheirolophus Cass.; Koutecký, Štěpánek & Bad'urová, 2012) . Although diploid and tetraploid levels have been frequently reported for perennial Cyanus species, the records of triploids reported here are the first for the genus. Phylogenetic analyses have shown that Cyanus belongs to the derived clade of subtribe Centaureinae (Susanna et al., 1995; Garcia-Jacas et al., 2001) . The chromosome base numbers of this clade are lower (x = 12 or less) than those of the early branching clades of Centaureinae (x = 13-16). The descending trend of base chromosome numbers occurs repeatedly in different lineages of Centaureinae and is in agreement with phylogenetic trees inferred from pollen types (Wagenitz & Hellwig, 1996) and DNA sequences (Susanna et al., 1995; Garcia-Jacas et al., 2001) . In Cyanus higher base chromosome numbers can be regarded as ancestral and are found in both sections: x = 12 in annuals of section Cyanus and x = 11 in perennials of section Protocyanus (Wagenitz & Hellwig, 1996; Romaschenko et al., 2004) . The base chromosome numbers x = 8, 9 and 10 should be considered as derived in the genus Cyanus. All these derived numbers are reported for section Cyanus, whereas only x = 10 and 11 are known for section Protocyanus. Regarding results of recent molecular studies (Boršić et al., 2011; C. J. Löser, unpubl. data) showing perennials as phylogenetically sister or ancestral to annuals, we suggest that the perennial ancestor of Cyanus had at least x = 12. If so then traces of the initial phases of radiation of Cyanus have disappeared and have been replaced by derived taxa.
In C. section Protocyanus some chromosome reports remain doubtful due to miscounting or misidentification, but others can be resolved by re-examination of material from identical locations. For example, a previous count for C. graminifolius, 2n = 44 (Guinochet, 1957) , was corrected by recent analyses to 2n = 40 . Another case of ambiguity arises from four tetraploid counts of 2n = 44 published for the C. triumfetti group from southern and eastern Europe. Three counts from the Strandzha Mts and the Black Sea coast (Bulgaria; Sharkova, 1996; Sharkova & Peev, 1997) were later assigned to C. pichleri (Bancheva & Denchev, 2000) . The tetraploid count for C. triumfetti s.s. from Mitoraj near Vinodol (Croatia; Lovrić, 1982) has not yet been reconfirmed. For C. tuberosus two different diploid counts, 2n = 20 (Šiljak-Yakovlev, 1985) and 2n = 22 (Šiljak-Yakovlev et al., 2005) , were reported. We suppose that the number 2n = 22 from Mt Biokovo refers to a taxon from the C. triumfetti group according to our field observations at the locality stated in the publication. There are additional taxa with disparate chromosome records that need to be studied further, e.g. 2n = 20 (Morales, 1974 ; present study) vs. 2n = 22 (Löve & Kjellqvist, 1974; Montserrat-Martí, 1987) for C. lingulatus, 2n = 40 (present study) vs. 2n = 44 (Strid & Franzén, 1981) for C. pindicola. We detected B-chromosomes in both 2n = 20 and 40 cytotypes (Table 1 , Fig. 1A ) that could have inflated chromosome numbers in some previous counts. GENOME SIZE DATA The clear differences in genome size among plants with different chromosome number (Fig. 3 ) support the use of flow cytometry as a suitable method to establish ploidy in C. section Protocyanus. Similar advantages have been reported for other genera (Pellicer et al., 2007 (Pellicer et al., , 2012 Kolář et al., 2009) . In the dataset presented here, an overlap in genome size was observed between plants with 2n = 20 and 2n = 22 (Fig. 3) . This was caused mainly by populations of C. tuberosus from Croatia with 2n = 20 and 2C DNA contents of 2.48-2.52 pg, which is close to the populations with 2n = 22 (2.36-2.89 pg). The DNA contents of the remaining populations with 2n = 20 were 1.93-2.33 pg (Table 2) .
A decrease of genome size per basic chromosome set (Cx-value), often observed in polyploid series (Leitch & Bennett, 2004; Pellicer et al., 2007) , was revealed within C. section Protocyanus between diploids with 2n = 20 (mean 2C = 2.22 ± 0.13 pg) and tetraploids with 2n = 40 (mean 2C = 1.77 ± 0.12 pg). However, the Cx-values were relatively constant between diploids (2.64 ± 0.11 pg) and tetraploids (2.55 ± 0.15 pg) with x = 11 (this study; Olšavská et al., 2012) . A previous detailed study revealed that 2C-values at the diploid level (the C. triumfetti group) varied by 21% and at the tetraploid level (the C. montanus group) by 13% (Olšavská et al., 2012) . Significant betweenspecies differences in genome size indicate that this attribute may be used as a supportive taxonomic marker in the C. triumfetti and C. montanus groups. The variation in genome size within 2n = 20, 2n = 30 and 2n = 40 cytotypes is currently under study (K. Olšavská et al., unpubl. data) .
EVOLUTIONARY SIGNIFICANCE OF CYTOTYPES
Knowledge of the allopatric/sympatric distribution and coexistence of cytotypes and frequencies of inter-cytotype crossing is helpful for understanding evolutionary processes (Schönswetter et al., 2007a; Mráz et al., 2012; Trávníček et al., 2012) . Notably, in section Protocyanus a sympatric distribution is mainly observed for: (1) taxa differing in ploidy, e.g. the C. triumfetti group (2n = 22) co-occur with C. montanus or C. mollis (2n = 44); and (2) taxa with the same ploidy but different base chromosome numbers, e.g. the C. triumfetti group (2n = 22) co-occur with C. napulifer or C. nissanus (2n = 20) (Fig. 4, Fig. S1 ). In contrast, taxa with the same chromosome number from any of the three groups of section Protocyanus do not co-occur and form parapatric contact zones (Fig. 4, Fig. S1 ). Experimental hybridizations showed that taxa of the C. triumfetti group (2n = 22) hybridized easily and produced viable progeny (Olšavská & Löser, 2013) . This argues for the importance of allopatry in speciation of taxa with the same chromosome number. Geographical isolation has been shown to lead to speciation in several plant groups with the same chromosome number (e.g. Watanabe, 1986; Martín-Bravo et al., 2010) . The reproductive barrier caused by karyological differences seems to be sufficient enough to prevent hybridization in section Protocyanus. Reproductive incompatibilities between the C. triumfetti group (2n = 22) and the C. montanus group (2n = 44) were confirmed by hybridization experiments (Olšavská & Löser, 2013) . Strong reproductive isolation between diploids and tetraploids has also frequently been observed in the closely related genus Centaurea (Koutecký et al., 2011; Mráz et al., 2012) . In section Protocyanus, this barrier is broken only rarely, as in the case of C. epirotus and C. graminifolius. Triploids found in the Mitsikeli Mts (western Greece) are apparently hybrids between C. epirotus and C. graminifolius combining morphological characters of both parents (e.g. light pinkishpurple florets and white-tomentose leaves on both sides are typical for C. epirotus, and stems 20-30 cm high with several lanceolate leaves are typical for C. graminifolius). Extensive gene flow among the cytotypes of C. section Protocyanus is suggested by molecular analyses (C. J. Löser, unpubl. data), but this is the first direct evidence of ongoing hybridization in Cyanus. In contrast, triploid plants of C. nissanus do not differ morphologically from diploids of this species and are probably autopolyploids that have originated through unreduced gamete formation (Ramsey & Schemske, 1998) . Plants of the C. triumfetti group growing nearby in the Svrljiska Planina Mts (eastern Serbia) do not contribute to the origin of these triploids. Therefore, gene flow from diploids to tetraploids with identical base chromosome numbers via unreduced gametes is expected to occur but probably only rarely. (Šingliarová, Hodálová & Mráz, 2011) ; and Senecio carniolicus Willd. (Schönswetter et al., 2007a) ]. Changes in base chromosome number/ploidy in section Protocyanus were thus probably rare events and may have occurred early in the diversification of the section. All four cytotypes are represented in Europe either by polymorphic groups of similar taxa with a broad distribution (the C. triumfetti group 2n = 22; C. montanus and C. mollis 2n = 44; the C. napulifer group 2n = 20; C. graminifolius and C. fuscomarginatus 2n = 40) or by morphologically distinct and narrow endemic taxa restricted to the Balkans (C. achtarovii and C. diospolitanus 2n = 22; C. epirotus 2n = 20; C. pindicolus 2n = 20, 40). These endemics may represent remnants/relicts of past diversification episodes on the European continent.
As we have shown, chromosomal data are useful characters for helping to decipher lineage diversification in section Protocyanus. These types of data should not be overlooked in biosystematic studies of such complex groups, especially when molecular data provide incongruent phylogenetic signals (Boršić et al., 2011) . For example, knowledge about tetraploids of the C. montanus group with 2n = 44 in Europe is controversial, and no definitive conclusion about their origin has yet been reached. Analyses of the ITS region showed relationships of C. montanus s.s. (Boršić et al., 2011) . The current distribution of these taxa is distinct and it is also probable that their glacial refugia and distributions during interglacials did not overlap. Therefore, relationships of these taxa are likely to have been established in the early stages of diversification of section Protocyanus. Cyanus mollis and C. montanus s.s. have been considered as autopolyploids which evolved from taxa of the C. triumfetti group. This hypothesis is supported by similarities in their morphological characters, flavonoid glycoside variation patterns, complementary chromosome numbers, shape of chromosomes and genome size (Baksay, 1957; Gonnet, 1993; Olšavská et al., 2012) . However, the above-mentioned similarities between the C. montanus and C. triumfetti groups might also reflect an extinct common diploid ancestor.
BIOGEOGRAPHICAL REMARKS
Cytotype distribution and ecological data can shed light on the role of historical processes such as migration and expansion from different refugia using various migration corridors (Mráz et al., 2008; Perný et al., 2008) . In the formation of the European flora two main climatic events played a key role: the Messinian salinity crisis (5.5-4.5 Mya) and the Pleistocene glaciations (2.588-0.0117 Mya; Petit, Hampe & Cheddadi, 2005) . These climatic events might be invoked to explain the distribution pattern of the Cyanus cytotypes in Europe.
The westward colonization of Europe by Cyanus perennials is considered more likely given that the assumed evolutionary centre and highest species diversity of Cyanus is in the eastern Mediterranean (Hellwig, 2004) . Given the current distribution patterns of Cyanus cytotypes in Europe this favours the hypothesis of several different routes of colonization in the past (Fig. 4, Fig. S1 ). The European mountain ranges (mainly the Alps and Carpathians) might have served as migration routes for plants with a base chromosome number of x = 11 (C. mollis, C. montanus, the C. triumfetti group) as they do not currently occur in southern Europe. In the Mediterranean, intervening land-mass connections resulting from sea-level oscillations during the Messinian salinity crisis and during the last glaciation might have played important roles in spreading cytotypes with x = 10, which today are concentrated across this region, including the Balkan Peninsula. However, such land bridges and connections were probably not suitable for dispersal of mountain species. The explanation might be that the eastern Mediterranean ancestor had wider ecological amplitude than the present species. This hypothesis agrees with the current situation; for example, Greek plants of C. graminifolius occur from 700 to 2100 m a.s.l. on various types of bedrock, whereas the western Mediterranean populations are more specialized (C. graminifolius in southern France occurs at 1500-1900 m a.s.l. on limestone and in southern Italy it occurs at 1500-1700 m a.s.l. on limestone and granite). The current distribution of species with x = 10 covers several refugia detected around the Mediterranean Basin (High and Middle Atlas, Hautes Alpes, southern Calabria and several refugias in Iberia; Médail & Diadema, 2009 ) where populations might have persisted and diverged.
Speciation in the C. triumfetti group (2n = 22), with incomplete reproductive isolation (Olšavská & Löser, 2013) , may have been triggered predominantly by extensive geographical radiation. Because the current distribution of the C. triumfetti group in Europe lies in the area influenced by the Pleistocene glaciations (Fig. 4, Fig. S1C ), scattered glacial local refugia in the Pyrenees, Alps, Carpathians, Dinarides or Apennines (Tribsch & Schönswetter, 2003; González-Sampériz et al., 2005; Mitka et al., 2007) have played a key role in the persistance and alteration of genetic variability of these plants. Such diversification may explain a genetic gap between Alpine, Czech + Austrian and western Carpathians + Pannonian populations of the C. triumfetti group documented by amplified fragment length polymorphism (AFLP) and genome size variation (Olšavská et al., 2011 (Olšavská et al., , 2012 , also expressed in different levels of reproductive isolation (Olšavská & Löser, 2013) . Also, the morphological differentiation of species of the C. napulifer group, which share the same chromosome number 2n = 20 and close genetic relationships of which are documented by nuclear ribosomal DNA sequences (Boršić et al., 2011; C. J. Löser unpubl. data) , may have resulted from allopatric speciation processes in isolated Balkan mountains as has been suggested for other alpine plants in southern Europe (Paun et al., 2005; Kučera, Marhold & Lihová, 2010) .
In contrast to the general trend that polyploids are more widespread than their corresponding diploids (Watanabe, 1986; te Beest et al., 2012) , both diploid cytotypes from section Protocyanus (2n = 20 and 2n = 22) have wider geographical ranges in Europe than corresponding tetraploid cytotypes (2n = 40 and 2n = 44) (Fig. S1 ). The spreading potential of the C. triumfetti group, represented by the 2n = 22 cytotype, is illustrated by the general distribution patterns shown in Figure 4 . The distribution patterns also indicate that competition between taxa with different base chromosome numbers is likely to have occured in the past. For example, range expansion of C. graminifolius in Italy and France might have been limited by the spreading of populations of the C. triumfetti group. By contrast, C. graminifolius and C. lingulatus have wider distributions in Greece, the Iberian Peninsula and Atlas Mts where the C. triumfetti group does not occur (Fig. 4, Fig. S1 
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . Geographical distribution of cytotypes of Cyanus section Protocyanus in Europe: A, 2n = 20, 2n∼20; B, 2n = 40, 2n∼40; C, 2n = 22, 2n∼22; D, 2n = 44, 2n∼44. Localities indicated by symbols with a black margin are based on our records presented in this paper (Table 2) or published previously; symbols without a black margin are based on published records of other authors (see Table S2 ). Table S1 . Survey of taxonomic concepts of the genus Cyanus. Table S2 . Summary of previously published chromosome numbers of Cyanus section Protocyanus in Europe.
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